As JV Neel put forward the 'thrifty genotype' hypothesis, many researches tend to support this hypothesis involved in the regulation of energy balance. However, the phrase could equally well encapsulate broader traits and the forms of thrift should be multiple. In particular, genes involved in the regulation of water and sodium balance may also be excellent candidates as thrifty genes. In the present study, we selected the ancestral D allele of angiotensin-converting enzyme (ACE) gene, a key gene involved in water and sodium balance regulation, as a candidate to confirm the 'thrifty genotype' hypothesis in the framework of evolutionary ecology. On the basis of our compiled worldwide spatial genetics database of I/D frequency of ACE gene and spatial climate database, using techniques of spatial statistics, we found (1) an obvious decreasing geographic genetic cline following the route of out-of-Africa expansion from East Africa, (2) a positive association between D allele and synthetic temperature factor, (3) and a negative relationship between D allele and synthetic humidity factor that covered most regions of the world, and obvious spatial dependence between D allele and these two climate factors followed the route of out-of-Africa expansion from Africa. This suggested that D allele of ACE gene is not only plastic in response to its environmental circumstance but also presents a striking geographic distribution showing the evidence of 'signatures of selection' by climate factors. Thus, it can be identified as a thrifty allele and could provide a new evolutionary ecological evidence for the 'thrifty genotype' hypothesis.
INTRODUCTION
In 1962, JV Neel put forth the 'thrifty genotype' hypothesis in his famous paper entitled 'Diabetes mellitus: a 'thrifty' genotype rendered detrimental by 'progress' to explain the epidemiology of diabetes. His general thesis, refined in later papers, 1 remains a significant influence on our understanding of the evolutionary history of type 2 diabetes and other metabolic syndromes. [2] [3] [4] This hypothesis suggested that, in the early years of life, the diabetic genotype was thrifty in the sense of being exceptionally efficient in utilization of food. It would thereby confer a survival advantage in the times of food shortages. However, in contemporary societies, as food is usually available in unlimited amounts, the 'thrifty genotype' no longer provides a survival advantage, but renders its owners more susceptible to obesity and diabetes. 5 Although variants of this hypothesis have formed the topic of vigorous debate, [6] [7] [8] [9] [10] there are many researches that tend to support this hypothesis, not only in epidemiology [11] [12] [13] but also in population genetics or evolutionary ecology. 4, 14, 15 One of the problems of using the 'thrifty gene' concept is that most individuals associate it with a metabolic trait related to a frugal utilization of fuel, which indeed was Neel's (1962) first intention. 3 However, the phrase could equally well encapsulate broader traits and the forms of thrift should be multiple, including metabolic, adipogenic, physiological or behavioral mechanisms. 3, 16, 17 A broader range of traits may merit within this typology, including those relating to growth, reproduction and immune function. 18 Consistent with the multiple possible forms of thrifty gene, we propose that the thrifty gene should not be limited to genes involved in the regulation of energy balance; genes involved in the regulation of water and sodium balance may also be good candidates as thrifty genes.
In particular, some key genes in the renin-angiotensin-aldosterone system (RAAS), which has a pivotal role in the regulation of blood pressure, volume homeostasis, vascular function and cell growth, may be good candidates to provide evidence for the 'thrifty genotype' hypothesis. The most impressive case is the angiotensin-converting enzyme (ACE) gene with a common polymorphism represented by the insertion (I) or deletion (D) of a 287-bp AluYa5 element inside intron 16 on chromosome 17q23, 19 which is associated with many cardiocerebral vascular diseases (CVDs). 20, 21 Moreover, studies on ACE I/D polymorphisms have indicated that the Alu insertions are shown to be absent from the genomes of a number of non-human primates, consistent with the rise in human genetic polymorphisms sometime after the human/African anthropoid divergence, 22 which suggests that D allele is the ancestral allele 23, 24 and its evolutionary history could be used to provide evidence for the 'thrifty genotype' hypothesis. On the other hand, accumulating evidence has suggested that genetic susceptibility to CVD as well as salt avidity and cardiovascular reactivity are ancestral and were likely magnified during the early human evolution before the out-of-Africa expansion of anatomically modern humans [25] [26] [27] and it is due to diverse selection pressure during the out-of-Africa expansion that occurred 30 000-100 000 years ago, among which, the most important selection pressure was climate. 28 A good candidate for a 'thrifty gene' should exhibit two important features. The first is plasticity in response to environmental circumstance, and the second feature that would be expected is the evidence of 'signatures of selection' , such as striking geographical distribution. 3 As an ancestral hypertension susceptibility allele in RAAS, the evolutionary ecology of D allele in ACE gene should be expected to provide some evidence for the 'thrifty genotype' hypothesis. We therefore propose the following assumption: before the out-of-Africa expansion of anatomically modern humans (Africa was hot and wet during the early Miocene, whereas its climate had become hot and dry since midMiocene 28 ), as a salt-sensitivity allele with the propensity to retain salt and water, D allele may have some advantages for humans to adapt to the ancestral environment. Yet, after expanding out of Africa to inhabit the rest of world, where the climate gradually becomes colder or wetter than equatorial Africa, the propensity to retain salt and water becomes less important accordingly. The thrifty D became deleterious, as it increases susceptibility to hypertension and other hypertension-related diseases. 20, 21 Consequently, some individuals who carried D allele were eliminated from the population because of hypertension or other hypertension-related diseases. If the above assumption is true, the frequency of D allele in Africans should be higher, and from Africa, following the route of out-of-Africa expansion, an obvious decreasing geographic genetic cline should be detected. Furthermore, a geographic dependence (or association) between spatial genetic cline of D allele and spatial ecologic cline of climate should be discovered because of the selection pressure to hypertension susceptibility.
To confirm this hypothesis, in the present study, we compiled a worldwide spatial genetic database of I/D frequency of ACE gene based on the published data, and explored the spatial genetic structure of D allele, as well as the spatial dependence between D allele frequency and climate factors. To characterize the spatial genetic structure of D allele, the Kriging interpolation method was used to visualize geographic genetic clines of D allele, as well as climate clines. 29 In addition, the confirmatory factor analysis (CFA), 30 in combination with Geographically Weighted Regression (GWR), 31 was used to detect spatial dependence between D allele frequency and climate factors. All the maps were created by ArcGIS 9.0 (http://www.esri.com).
MATERIALS AND METHODS

Samples and their spatial databases
We compiled a worldwide spatial database on I/D frequency distribution using data derived from 299 published sources, with a total of 183 555 individuals from 422 sampling populations. Majority of the records are published in English, searched from the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov) using key words such as 'angiotensin converting enzyme' , 'polymorphism' and country names (eg, 'Japan'). Small proportion of the data are collected from the literature published in Chinese core journals, which were downloaded from the National Knowledge Infrastructure website (http://www.cnki.net). Studies with a small sample size (o50) and those that do not conform to Hardy-Weinberg equilibrium law were excluded. Gene frequencies from populations with the same geographic coordinates were averaged weighted by sample. The geographic information system (GIS) (http://www.esri.com) was used to build spatial databases. Figure 1a shows the locations of the samples, and a list describing the sources of the data is provided as supplement (see Supplementary Materials 1). The geographic climate data (including Annual precipitation (AP), Annual atmospheric temperature (ATT) and Temperature climate zone (TCZ) and so on) Detection of geographic genetic clines of ACE gene
To quantify the spatial variation of D allele in ACE gene, the ordinary Kriging interpolation 32 was used to visualize spatial genetic patterns and geographic genetic clines. Kriging is a spatial interpolation method that predicts unknown values from data observed at known locations. This method uses variogram to express the spatial variation, and it minimizes the error of predicted values, 32 which are estimated by spatial distribution of the predicted values. As a virtually unbiased method in a interpolation situation, Kriging model has several advantages over other interpolation and smoothing methods, and has been used to create maps of geographic genetic clines in human population genetics and biological anthropology. 29 In the present study, after the Kriging maps were created by ArcGIS9.0, the Natural Breaks (Jenks) method 33 was used to classify the geographic genetic clines.
Detection of spatial dependence relationship between D allele and climate
To detect the spatial dependence relationship between D allele and climate, the CFA, 30 in combination with Ordinary Least Squares (OLS) regression as well as GWR, 31 were used to build the global and local regression model between D allele frequency and climatic factors. CFA was first used to obtain synthetic climate factors and their scores for each climate data point were obtained by the software of lisrel 8.7 (http://www.ssicentral.com/lisrel). Further, the above Kriging algorithm was used to obtain the predicated values of the synthetic climate factors, which were corresponding to the locations of each genetic sample data (D allele frequency). Finally, by using the software of Spatial Analysis in Macroecology (SAM) v4.0 (http://www.ecoevol.ufg.br/sam), OLS regression and GWR were used to set up the global and local regression model between D allele frequency and synthetic climate factors, respectively. Statistically, CFA 30 is a special form of factor analysis. It is used to test whether measures of a construct are consistent with a researcher's understanding of the nature of that latent construct (or latent factor). On the basis of the exploratory factor analysis result of the observed geographic climate variables (AP, ATT, TCZ, geography climatic zone (GCZ) and geography latitude (GL)), CFA was used to extract the latent synthetic climate factors that are expected to be associated with D allele frequency. The P-value of w 2 40.05, GFI, AGFI and NNFI 40.90 and RMSEA o0.08 are considered as thresholds for a suitable model. 34 GWR 31 is a local version of spatial regression that generates parameters disaggregated by the spatial units of the analysis. It allows assessment of the spatial heterogeneity in the estimated relationships between independent variables and the dependent variable. Unlike conventional OLS regression, which may only produce a single regression equation to summarize global relationships between D allele and synthetic climate factors, GWR used in this paper can generate spatial dependence that express the local spatial variation between them dynamically, because the regression coefficients of GWR are allowed to vary spatially. As a powerful spatial statistical method to examine geographical variation between dependent and independent variables, GWR has been successfully used in spatial epidemiology 35 and similarly in spatial ecology. 36 Figure 2 shows the geographic genetic clines interpolated by D allele frequency of ACE gene and the route of out-of-Africa expansion by GIS superimposition analysis. It, generally, reveals an obvious decreasing geographic genetic cline following the route of out-of-Africa expansion from East Africa. The highest frequency of D allele appears in Africa and Arab regions, the lowest frequency locates in East Asia and the medium value emerges in Europe, Australia and America. Figure 3a shows geographic climate structure model created by the CFA method, two latent geographic climate factors are extracted from this structure model. The first one, which is reflected by ATT, TCZ and GL, was named as synthetic temperature factor (STF; Figure 3a) . The second one, which is composed of AP and GCZ, was named as synthetic humidity factor (SHF; Figure 3a) . According to the value assignment of the geographical climate factors (Table 1) , the larger the STF, the hotter the climate, and the larger the SHF, the wetter the climate. Figures 3b and c show the spatial ecological clines interpolated by STF and SHT, respectively. Conforming to the real world of climate distribution, STF reaches the maximum around the equatorial zone by decreasing gradually toward Antarctic Pole and Arctic Pole symmetrically and reaching the minimum in north Russia, north Canada and Greenland (Figure 3b ), whereas SHF shows the highest values in South-East Asia, central Africa and south America, and lower values in north Africa, Arab region, central Asia, Greenland and south-west Australia (Figure 3c ).
RESULTS
Geographic genetic clines of D allele of ACE gene
Latent geographic climate factors and their spatial ecological clines
Global spatial dependence between D allele and synthetic climate factors Table 2 shows the result of OLS regression between D allele and synthetic climate factors. D allele frequency was significantly associated with STF and SHT (F¼180.75, Po0.001), and 27.47% of the total variance of D allele was explained by the two synthetic climate factors (R adj 2 ¼0.2747). Moreover, the regression coefficients (Table 2) showed that the higher the STF and the lower the SHF, the higher the D allele frequency. With STF, SHF and D allele all revealing obvious geographic clines (Figures 2, 3b and c) , the OLS regression result (Table 2 ) indicated a significant global relationship between D allele and climate.
Local spatial dependence between D allele and synthetic climate factors Table 2 summarizes the results of GWR between D allele and synthetic climate factors. In the GWR model, the adjusted R 2 increased from 0.275 (OLS) to 0.838 (GWR), demonstrating that GWR had a much better explanatory ability than OLS model. The F-test rejected the null hypothesis (F¼316.25, Po0.001), suggesting that the improvement to model fit using GWR was statistically significant. Furthermore, as the 31 indicating that the spatial dependence between them (reflected by the regression coefficients of GWR) should vary spatially. Figures 4a and b show a contour map of the regression coefficients of STF and its P-values, respectively, interpolated by the Kriging method. This demonstrated that the regression coefficients are significant in most areas of the world, and the local spatial dependency between D allele and STF exhibits a nonconstant mean and variance across the whole study area. The standardized regression coefficients estimates of STF from the GWR were mostly positive except in Australia, North America and South America, which indicates a positive association between D allele and STF in most regions of the world. Furthermore, it reveals an obvious decreasing spatial dependency between D allele and STF following the route of out-of-Africa expansion from Africa, and the strongest relationship between them was concentrated at the tropical areas, especially in most of Africa, Arab and India (Figure 4a ), whereas the negative standardized regression coefficients estimates of STF were mostly in North America, South America and Australia (some were not statistically significant (Figures 4a and b) ), which are predominantly occupied by the immigrants from Europe recently (during sixteenth to eighteenth century).
Figures 4c and d show contour map of the regression coefficients of SHF and its P-values, respectively. Similar to the regression coefficients of STF, it also demonstrated that the regression coefficients are significant in most areas, and the local spatial dependency between D allele and SHF varies across the world. A negative association between D allele and SHF was revealed in most regions of the world, except North America and South America. Generally, this negative association is consistent with the spatial distribution of SHF, and the drier the area, the stronger the negative association (Figure 3b) . In arid areas, such as in Africa and Arab regions, Greenland, parts of Central Asia and Australia, negative association between D allele and SHF are stronger than that of wet areas, such as South-East Asia. However, the positive or nonsignificant regression coefficients of SHF are mostly in North America and South America, which are occupied by immigrants from Europe recently. In addition, another region with a nonsignificant regression coefficient reveals in Europe.
DISCUSSION
The 'thrifty genotype' hypothesis posits that there exist genes in human populations that facilitate the efficient utilization of food and its conversion into stored fat. Populations in early stages of human evolution, who were exposed to unpredictable periods of Figure 3 Worldwide geographic clines of two synthetic factors. The P-value,GFI, AGFI, NNFI and RMSEA of the confirmatory factor analysis model were 0.55141, 0.99, 0.97, 1.00 and o0.01,respectively, in (a), which suggest the model was fitted well. 34 (b) and (c) Show interpolated maps of synthetic temperature factor and synthetic humidity factor interpolated by 151 sampled weather stations, respectively. starvation with such genes, as a result are more likely to survive during periods of famine. Yet, in contemporary societies, as food is usually available in unlimited amounts and life is sedentary, thrifty genes become deleterious, as they increase susceptibility to diabetes mellitus. [1] [2] [3] [4] 37 This hypothesis has been widely supported by epidemiological, [11] [12] [13] genetic and evolutionary researches. 4, 14, 15 In particular, some specific genes have been identified or considered as 'thrifty genes' (or 'thrifty SNP'), including calpain-10 gene and G-proteincoupled receptor 35 gene, 4 APOE*4 allele, 14 SNPs in FABP2, MTP, b3AR (the Trp64Arg SNP), apo-E, UCP2, UCP3-p, PPARg2, LEPR, adiponectin and so on. 15 However, current studies on 'thrifty gene' are mainly limited in genes involved in the regulation of energy balance. Although the concept of 'multiple thrifty gene form' has been put forward, the research and discussion scope is still constrained in genes involved in regulation of energy balance. 3, [16] [17] [18] In the present study, we further extended the concept of thrifty gene, and proposed that genes involved in regulation of water and sodium balance could also be good candidates as thrifty genes. As an impressive case, we selected the ACE gene, a key gene in RAAS, to explore the new evolutionary ecological evidence for the 'thrifty genotype' hypothesis. RAAS has a pivotal role in the regulation of blood pressure, volume homeostasis, vascular function and cell growth. The RAAS pathway and the functions of different parts are summarized in Supplementary Materials 3. Some ancestral key genes in RAAS may be good candidates to provide evidence for the 'thrifty genotype' hypothesis. In fact, as an ancestral gene 28 in RAAS, the angiotensinogen (AGT) gene has been considered as a thrifty gene. 28, [38] [39] [40] In the present study, we chose the ACE gene, another ancestral hypertension susceptibility gene in RAAS, to explore the evolutionary ecological evidence for the 'thrifty genotype' hypothesis within the framework of spatial genetics and spatial ecology.
Heat and drought are cardinal environmental factors responsible for natural selection since the beginning of life on Earth. 41 Effective heat dissipation is essential in hot environments and is achieved most efficiently through evaporative heat loss. 42 As a result, along with the arid environment, the high temperature contributes to the consequence that the African ancestors developed a markedly enhanced capacity to sweat. 43 Sweating, however, can lead to loss of large amounts of salt and water. 42 Large salt losses due to sweating made sodium and water conservation essential for survival. 44 For example, humans and non-human primates from tropical climates have enhanced salt and water avidity. [25] [26] [27] Another consequence of this reliance on sweating is decreasing blood volume. 28 To maintain blood pressure and ensure organ perfusion, the vessel contraction is important. Because heat dissipation through sweating results in large volume losses, as well as the water scarcity due to the drought, further enhancement of salt and water avidity and cardiovascular reactivity were likely part of human adaptation to hot, dry African environments since the Miocene. 28 Therefore, under the ancient African environmental condition, which was arid and hot, the sodium and water retaining capacity was crucial, carrying D allele frequency could be favored, given that the higher the D allele frequency, the higher the activity of serum ACE level. 19, 20 When each population reached their new location and settled down, they were subject to new different evolutionary forces, such as cold temperatures and humid surroundings, which likely became important selective forces after human out-of-Africa expansion.
We, therefore, deduce that the D allele of ACE gene, which is an ancestral salt-sensitivity allele with the propensity to retain salt and water and increase hypertension susceptibility, 24 is likely to suffer the following selection pressure and evolutionary history: before the out-of-Africa expansion of anatomically modern humans, D allele had some advantages for humans to adapt to the ancestral environment. Yet, after they expanded out of Africa to inhabit the rest of world, where the climate gradually becomes colder or wetter than that in Africa and the propensity to retain salt and water becomes less important accordingly, the thrifty allele D becomes deleterious, as it increases susceptibility to hypertension and other hypertension-related diseases. 20, 23 Consequently, some individuals who carried D allele were eliminated from the population because of hypertension or other hypertension-related diseases. By conducting the Kriging spatial interpolation of D allele and its GIS superimposition analysis with the route of out of Africa, in the present study, we have detected an obvious decreasing geographic genetic cline following the route of out-of-Africa expansion from East Africa ( Figure 2) ; these results coincide with the published results of the worldwide D allele distribution by using non-spatial genetic methods. 45 Obviously, this striking geographical distribution of D allele offers its 'signatures of selection' evidence, and supports the above inference.
Accumulating evidence suggests that the most important selection pressure to genetic susceptibility to hypertension is climate. 37 Thus, a geographic correlation between genetic cline of D allele and ecological cline of climate should be detected. From the results, we have detected this relationship and trend (Table 2 , Figures 3 and 4) . For the STF, we found that a positive association between D allele and STF covers most regions of the world, and an obvious decreasing spatial-dependent cline between D allele and STF, which conforms to the spatial distribution of STF, follows the route of out-of-Africa expansion from East Africa (Figures 3b, 4a and b) . The strongest relationship between them was concentrated at the tropical areas, especially in most parts of Africa, Arab and India. Clearly, this striking spatial dependence of the D allele on STF supports the above expectation. As an exception, in Australia, North America and South America, the local spatial dependence with negative association or non-statistically significant associations could not conform with the regulations (Figures 4a and b) ; however, it can be explained by special population genetic structure in these regions, which are predominantly occupied by the immigrants from Europe recently (during sixteenth to eighteenth century). For the SHF, we found a negative association between the D allele and SHF in most regions of the world. This negative association is consistent with the spatial distribution of SHF, and the drier the climate, the stronger the negative association (Figures 3c, 4c and d) . Again, this striking spatial dependence of the D allele on SHF also obviously supports the expectation. For the positive association between the D allele and SHF emerging in North America and South America (Figures 4c and d) , its non-conformity to the hypothesis can be also explained by special population genetic structure in these regions, as discussed above.
Studies showed that the D allele frequency is closely related to serum ACE levels. 19, 20 Therefore, under the ancient African environmental condition, which was arid and hot, the capacity to retain sodium and water was crucial, so the D allele would be favored. As humans spread out of equatorial Africa to regions at higher latitudes, the cold temperatures and humid surroundings likely became important selective pressures. Consequently, traits under stabilizing selection at near-equatorial latitudes may have become deleterious at higher latitudes. 44 The prevalence of hypertension in this population should be expected to be higher than that of Africa. This expectation has actually been validated by the investigation of Worldwide prevalence of hypertension, 46 which suggested that the African countries had relatively low prevalence of hypertension compared with European and Asian countries.
In summary, the D allele of ACE gene is not only plastic in response to its environmental circumstance but also presents a striking geographical distribution showing the evidence of 'signatures of selection' by climate factors. Thus, it can be identified as a 'thrifty allele' and can provide new evolutionary ecological evidence for the 'thrifty genotype' hypothesis.
LIMITATION AND FURTHER WORK
Because of the limitation of our spatial genetic database, we cannot obtain the climate data at each geographical location of the sampled population. We have to estimate the climate values by Kriging interpolation method at each point of D allele frequency. Further, the observed gene frequency and the interpolated climatic data were used to conduct the OLS and GWR model. Although this may lead to some errors, it is an acceptable method regarding our current data set. On the other hand, because of the multicollinearity between the climate variables (AP, AAT, TCZ, GL, GCZ), it is difficult to build the multiple regression model by these variables directly. We, therefore, extracted the latent variables as the independent variables of the regression model. Using this method, we not only avoid multicollinearity but also obtain the synthetic factors to measure and interpret the climate data.
In RAAS, besides ACE gene, there exists other genes involved in the regulation of water and sodium balance. Further work is needed to explore the evolutionary ecological evidence using the other genes in the whole system, such as AGT gene, Angiotensin II receptor type 1 gene, aldosterone synthase (CYP11B2) gene and so on.
